The quality of liquid effluents from two opaque sorghum beer-brewing plants in Bulawayo, Zimbabwe were studied by analysing snap and composite samples collected manually from the plants' effluent discharge points over a period of six months. Both plants generate effluents that could negatively impact on the municipal treatment system if no efforts are made to significantly reduce their pollution load in terms of both quality and quantity. The results from both plants for the main pollution indicators showed high values of chemical oxygen demand (COD) (in excess of 30 000 mg/l in some instances), biological oxygen demand (BOD) and suspended solids (SS), indicating high organic load. Analysis of BOD values indicates that the effluents are biologically degradable. No significant heavy metals were found in the effluents, as these are food-processing plants. The effluent treatment plants in both plants were not only inadequate but also poorly operated thereby rendering them ineffective in reducing the pollution loads of the effluents. Simple good housekeeping and operational practices and well as design modifications are suggested to reduce the pollution load of the effluents.
Introduction
In recent years, a number of environmental pollution incidents have led to a renewed drive to monitor and control the quality and quantity of liquid effluents being discharged especially by industries into the municipal treatment systems and natural watercourses in Zimbabwe. Recent examples of contamination of water-bodies include eutrophication of Lake Chivero due the presence of inorganic nutrients such as nitrogen and phosphorus compounds in excessive amounts, most of which originated from industrial activities (Marshal, 1997 ) and the case of the contamination of Ncema Dam with cyanide washed from a gold mine as a result of heavy rainfall (The Chronicle, 2000) . The result of this drive is that a number of industries and some municipal authorities have been fined by the Zimbabwe National Water Authority (ZINWA) for discharging effluents whose qualities were not compliant with its standards for the discharge of such effluents into natural watercourses.
The discharge of poor quality effluents especially by industries into the municipal wastewater treatment works has the effect of reducing the performance of these treatment facilities over time due to hydraulic overloading and corrosion of the sewer pipe system (Nyoni, 1999; Norplan, Stewart Scott Zimbabwe and CNM and Partners, 2001 ). This problem has been worsened by the fact that industries within the jurisdiction of the city of Bulawayo were permitted to dispose of effluents into the municipal sewers, provided the quality of such effluents was within the regulatory standards as set out in the City Council By-Laws of 1980 (Bulawayo By-Laws, 1980) . Consequently, most industrial establishments within the city do not have effluent pretreatment plants and on sites where they exist, their performance is not up to standard. The situation has further been compounded by the council's inability to effectively monitor compliance with and implement its by-laws (Ikhu-Omoregbe et al., 2001) . However, as a result of the New Act of 1998 and the guidelines thereof most urban councils, including Bulawayo, in Zimbabwe are in the process of adopting the "polluter pays principle" in managing industrial pollution. Here the producer of any pollution would be made to pay the full cost of treatment to reduce the pollution loads to levels, which will not cause environmental damage or loss of beneficial use to others together with the cost of monitoring and management. Thus a factory that generates substantial effluents must take steps to reduce its pollution load before ultimate discharge into the municipal sewerage system.
It is well known that in most developing countries, industries dispose of their effluents without adequate characterisation, quantification and pretreatment due to economic and technological constraints (Sweeney, 1995) . The main objective of this study was to characterise and quantify the liquid effluent pollution load from these two plants thereby generating reliable data for planning and cleaner production practices for both the industries and the local authority. The paper also discusses the current liquid effluent disposal/treatment practices and offers suggestions on possible remediation. Furthermore, it assesses the level of compliance to the local legislative guidelines for effluent disposal.
Effluent generation and treatment in the two breweries
The two breweries studied in this paper produce African traditional sorghum malt beer. The plants will be referred to as Plant A and Plant B respectively. Plant A has a production capacity of 100 x 10 6 l of beer per year while Plant B has a capacity of 23 x 10 6 l of beer per year. Both breweries use municipal water for their process water.
Plant A carries out its milling and malt preparation on the same premises as the brewing process while for Plant B these two initial stages in sorghum beer-brewing are done outside of the plant premises. Besides this difference all the other processing stages are the same in both plants. The two brewery plants have effluent treatment units that were designed to remove SS through flocculation, coagulation and settling using lime. However, in both plants these units were not operating optimally due to operational and design limitations. The effluent treatment plants were designed to handle smaller volumes than those being generated as evidenced by regular overflows from the equalisation and sedimentation tanks especially at Plant B.
The sources of effluents in both plants are similar and these include general cleaning and sanitation, spills and poor hygiene practices, bottle washing using caustic soda and returns from customers due to product becoming stale and solids from strainers. After the effluents have been "treated", Plant A discharges its wastewater into the municipal sewerage system while Plant B discharges its waste content into a nearby stream or uses the effluent for irrigation purposes which produces an offensive odour as it is ineffectively treated. This was due to the fact that during our study, we observed that the activated charcoal in the absorber column was neither regenerated nor replaced leading to poor performance of this absorber column.
Methods and materials

Wastewater sampling
The sampling protocol was divided into two phases. The objectives of this two-phased sampling program were to establish trends and process variations (Phase 1), then estimate weekly and monthly means and deviations using results from both phases and to confirm the results from Phase 1. The first phase was a high-frequency (intensive) sampling period where three to five 500 ml snap samples were collected during each visit to the plant. The samples were collected every 2 h but at times the sampling was process-timed to pick out maximum and minimum pollution producing activities. About 200 ml was taken from each snap sample and mixed to produce one composite sample for that day.
Phase 1 sampling was done for about two months at a rate of one industry visit after every 8 d. This was done so that benefits of both random (different days of the week) and systematic (every 8 d) sampling could be realised. The samples from Plant A were collected at the points of entering the treatment unit and of discharge into the municipal sewer system. For Plant B, sampling was also at the entry to the treatment unit and at the point of discharge into the irrigation system. The second phase of the monitoring exercise involved taking snap samples randomly over a period of four months.
Wastewater characterisation
Each of the snap and composite samples was analysed for parameters such as temperature, pH, hardness, turbidity, TDS, SS, chlorides, sulphates and nitrates which were thought to be significant. The metals included iron, copper, lead and zinc, while the aggregate organic constituents included COD and BOD. Samples were analysed using appropriate classical and instrumental methods (Standard Methods, 1998, Skong and Leary, 1992) . TDS, conductivity, and temperature were measured using a conductivity meter (Hach Model SensIon 5) and the pH was measured using a pH meter (Hach Model SensIon 1). The BOD measurement was done using respirometric methods (according to the Hach Incubator BODTREK Model 206). The procedures adapted for the ions and metals were such that the Hach DR/2010 Spectrophotometer could be used.
Samples were collected and analysed within 24 h with necessary preservation techniques according to the Zimbabwe Water Authority ( 1999). However, parameters such as temperature, conductivity and pH were determined on the spot. For samples where analyte concentration was out of range for the analytical method, necessary dilution with demineralised water was done according to the Hach DR/2010 Spectrophotometer Procedures Manual. A portable openchannel flow meter was used to measure effluent flow rates (Miltronic OCM III).
Analytical quality assurance
For all the methods that required the use of the spectrophotometer, both reagent blanks and sample blanks were used. Standard solutions were prepared for the analysis of COD and BOD. Before any measurement could be done, instruments were calibrated using standard solutions. The sample bottles were made from plastic materials cleaned thoroughly using a detergent, 1:1HCl, triplerinsed with distilled water and a final triple rinse with the sample as suggested by Fatoki and Mathabatha (2001) . The data obtained were used to calculate means, ranges, standard deviations, pollution loads and BOD rate constant.
Results and discussion
Plant A: Effluent characteristics
The results for this plant are shown in Figs. 1 to 12, for both sampling phases and Table 1 shows the statistically derived results. The results indicate that the effluents discharged from Plant A do not comply with the requirements for the discharge of such effluents as stated in the Bulawayo City Council effluent discharge standards. A comparison of the parameters on the inlet side ("in" on the charts) of the effluent treatment unit and the outlet side ("out" on the charts) indicates that the treatment unit apparently increases the pollutant concentration, instead of reducing it. The vales for COD and SS appear higher in the outlet stream than in the inlet steam to the treatment plant. The high standard deviations obtained for the COD (Table 1) show that there is great variability (between and within days) in the nature of the effluent and therefore would need equalisation before any treatment.
The values of the main parameters COD and SS showed a slight decrease in the second phase compared to the values obtained in the first phase. However, the values were not low enough to fall within the statutory requirement set out by the City Council. The COD for Phase 1 ranged from 8 060 mg/l to 60 400 mg/l while the values for Phase II were between 380 mg/l and 13 810 mg/l. The average COD values were 18 734 mg/l and 28 722 mg/l for the inlet and outlet points respectively for Phase I sampling, and 6 662 mg/l and 7 550 mg/l for the inlet and outlet points respectively for Phase II. This trend suggests that spot sampling of the effluent from this plant could lead to a wrong estimation of the effluent concentrations. The standard deviations for the same monitoring period also show similar trends. The decrease in COD values between the phase samplings was as a result of the plant, based on our suggestions and observations, adopting an improved housekeeping practice. Continuous discharges of effluent of these qualities would have resulted in serious consequences including possible factory closure by the municipal authorities.
The levels of COD obtained in the first monitoring phase in particular were observed to be relatively higher than the average of 17 000 mg/l reported in the literature (Dupont et al., 2000; WRC, 1989 Another interesting observation is that the inlet pollution parameter values were observed to be lower than the outlet figures suggesting that there is an increase in the organic pollution concentration as the effluents pass through the treatment plant. This can be explained by the fact that the lime used in pH correction could have also acted as a coagulant (Stephenson and Blackburn, 1998) thereby improving the settling properties of the solids. It was observed that the overflow system for the treatment plant was 
Figure 7 Conductivity, (µS/cm) of the effluents on different days for both
Phases I and II for Plant A faulty and discharge was through an underflow pump and pipe system so the effluent discharged was more concentrated in terms of solids content. This increased solids content is thought to account for the increase in the levels of other parameters such as electrical conductivity, SS and COD. The pH values obtained were found to be within the range of reported values for breweries in general (Dupont et al., 2000) .
Heavy metal concentrations found in the effluents were at trace levels, therefore within limits set by the municipal authorities. The presence of iron and other metals could be due to corrosion of water pipes and other metallic plant structures. Copper will start to dissolve in water at pH below 6.5 and at hardness levels at less than 60 mg/l (Gray, 1999).
The BOD test can be used to determine the treatability of effluents by biological treatment processes. It has been reported that for bio-treatability of an effluent by aerobic oxidation, the COD: BOD ratio must be between 1.5 and 2.5 (Dupont et al., 2000; Kilani, 1993) . This supports the observation that the BOD test is an aerobic digestion model which would give low values for cellulosic materials, which are easier to stabilise under anaerobic conditions. The BOD values obtained in this monitoring exercise were low when compared to the COD values giving a COD: BOD ratio for Plant A of 5.57. This is in contrast to reported lower COD: BOD ratios for brewery effluents (Kilani, 1993; Strydom et al., 1993) . This high COD: BOD ratio is thought to be due the lower level of operational efficiencies and poorer housekeeping operations in Plant A.
Analysis of the BOD curves show that the effluents are biodegradable. The COD: BOD ratio of the effluents suggests that the effluents will be amenable to anaerobic digestion or trickling filters (Hosang et al., 2001) . Another parameter that can be used to assess the kinetics of aerobic digestion of effluents is the degradation rate constant, K L , which is related to the organic substrate concentration S and the rate of oxidation (Gray, 1999; Mihelcic, 1999) . A Thomas slope plot is used to find the value of K L from BOD data. The value of K L for Plant A was found to be 0.3/d. Reported values of K L for brewery effluents lie between 0.15 and 0.2891 (Kilani, 1993; Strydom et al., 1993) .
The Thomas graphical method (Gray, 1999) for determining K L is based on the equation: NOTE: All parameters are in mg/l unless otherwise stated -First row data refer to raw/untreated effluent -Second row data refers to treated effluent discharged from treatment plant.
( )
Plotting a graph of (t/y) 1/3 as a function of time t gives a straight line and its gradient is used to calculate K L .
The data shown in Table 2 were calculated from the flow volumes and the minimum, average and maximum constituent concentrations. From the pollution load data the major part of the organic loading of significance is in the form of SS. Thus optimisation and improvement of the solids removal would help to reduce the COD levels in the effluent. This would in turn bring the COD: BOD ratio to within 1.5 and 2.5. This can be achieved by incorporating screens before the equalisation tanks in the present pretreatment set-up. Standardisation of the cleaning processes through integrated water management techniques can also help to reduce the amount of water used as well as the use of CIP systems and water jets. Equalisation of the effluents before treatment with lime could reduce the quantity and cost of lime being used as the high alkaline sanitisation effluent would then neutralise the acidic first wash.
Plant B: Effluent characteristics
In this plant, samples were collected at the inlet ("in" in the charts) to the treatment plant and at the irrigation tap ("out" in the charts) for the outlet from the treatment plant. Figures 13 to 24 show the characteristics of the effluents for both monitoring phases and Table  3 , the statistically derived results. Generally, the pollutant levels are lower in this plant when compared to corresponding values from Plant A. However, the effluents from this plant do not conform to the regulatory standards in terms of the main pollution indicators such as COD and SS. The trends in the values did not show significant differences in both phases over the six months monitoring period. The outlet concentration levels remained higher than the inlet concentrations suggesting again treatment plant operational inefficiencies. The variability in the pollution indicators remained high indicated by the large standard deviations from the mean.
The average COD concentration values were observed to be 5 880 mg/l for the outlet stream and 4 920 mg/l for the inlet stream into the treatment plant during the Phase I sampling period. For 
Figure 13 pH levels for both phases for Plant B
Figure 14
Concentrations of BOD, mg/l of effluents in and out of the treatment plant on different days for Plant B, Phases I and II
Figure 15
Concentrations of COD, mg/l of effluents in and out of the treatment plant on different days for Plant B, Phases I and II
Phase II the corresponding mean COD values were 4 391 and 6 650 mg/l respectively. These values are comparable to reported values for some brewery plants (Kilani, 1991; Dupont et al., 2000) . The SS averages were 864 mg/l at the inlet point and 1 836 mg/l at the outlet point from the treatment plant for Phase I sampling. The corresponding SS concentrations obtained in Phase II, were 614 mg/l and 952 mg/l for the inlet and outlet points respectively. Once again, similar to the situation in Plant A, it appears that instead of reducing the pollutant concentration, the treatment plant is apparently increasing the level of the pollutants. This anomaly is again due to poor operational practices at the treatment plant especially in terms of solids removal from the equalisation and holding tanks. It was observed that there was no effective separation of the supernatant overflow and solids rich underflow streams from these tanks. The flow of effluent into these tanks that were adjacent to each other was at rates above their designed capacities. Moreover, they were housed in the same underground structure. It was Lead -in Lead -out Iron -in Iron -out Limt effluent from boiler house and the cooling towers as these effluents were discharged directly into the equalisation tank. The sampling point was upstream of the equalisation tank. In Plant B, the BOD values (mean < 500 mg/l ) are much lower than those (mean > 900 mg/l ) obtained in Plant A. There is a slight reduction in the BOD levels for inlet samples when compared to values for the outlet samples. This is thought to be due to possible anaerobic digestion in the equalisation tank due to irregular solids removal from the tank. The COD: BOD ratios, an average of 9.86 are higher than the range for aerobic digestion. Though the K L values of 0.15/d suggest that this effluent is biodegradable, it is more amenable to anaerobic digestion. Furthermore, for a brewery effluent with a BOD greater than 800 mg/l , anaerobic digestion is most suitable (Dupont et al., 2000) .
Pollution loads
The pollution load data for Plant B (Table 4) indicate that the effluent flow rates and pollution indicators are much lower compared to Plant A values. This is due to the fact that the production capacity of Plant A is four times higher than that of Plant B. On this basis it can be suggested that Plant B is more water-efficient than Plant A. This plant would require an upgraded and larger effluent treatment unit if it is to discharge effluents that will comply with legislative requirements. The current setup is inadequate in both size and performance. However, in the meantime, planned and preventive maintenance would help to reduce equipment failure rates especially the pumps and strainer which were observed not be in operation on several occasions. The use of lime or polymeric coagulants and flocculants in the equalisation tank would bring the pH to within acceptable limits as well as enhancing the settling of solids in the tank. The charcoal used in the absorber should be regenerated or replaced regularly.
Conclusions
The effluents from these plants are high in COD, BOD and SS, thereby failing to comply with the required regulatory standards. An analysis of the COD: BOD ratios indicates that the effluents are biodegradable and that these effluents are amenable to anaerobic digestion. No substantial levels of heavy metals were detected as expected, these being food-related industries. Though both plants had effluent treatment plants, they were observed to be ineffective due to poor operational practices and under-design as they were no longer capable of handling the quantities of effluents presently being generated. Simple good housekeeping practices, operational adjustments and design modifications as suggested could contribute to reducing the very high pollution levels of the effluents from these plants. 
